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This research aims to develop and fabricate a micromotor. Micromotor is a 
type of variable capacitance micromotor and comprises 2 parts, stator and rotor. 
Movement of rotor relies on the applying voltage between the stator and rotor. Using 
electrostatic force driving them, the stator and rotor similarly work in the principle of 
parallel plate. In fabrication, micromotor uses UV and x-ray lithography technique in 
patterning process. X-ray irradiation exposes on negative photoresist (SU-8) for 
pattering construction of the stator and rotor coated by metallic membrane as 
electrically conductive base plate. The rotor is coated all dimensions but the stator is 
coated just one side and it is stuck on print circuit board (PCB) by using AZ 1512 
positive photoresist as adhesive layer. AZ 1512 acts as insulator separating the stator 
and PCB. The rotor has a diameter of 882 µm and thickness of 300 µm. The ratio of 
stator and rotor is 8:12. The driving voltage of 600 V is applied. Overall, this project 
is to develop the process and find out resolution of micromotor to be able to rotate 
first and then try new method of fabrication including improve more performance of 
micromotor.  
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7L-<. .6FC Wobble micromotor, 
 2 
Induction micromotor, Variable capacitance micromotor (VCM), Ultrasonic micromotor, Linear 












 (#$ Variable capacitance micromotors (VCM) 2: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,#,#.#"043 ,#,#.#" ,#,#.#"	'$;19" /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#"













!/' : 1'& 	 L  14&










2.2  %"#$  !&'	% 
"&	,&-/$9 , 4&"&	,&-
!&+2	4!&#/$9 , 	 2:3
1#',#;
!"(,2" (&/	21#'23#,#;%

















$"/"'	18 14& Electromagnetic /' Wobble micromotor, Induction micromotor, Variable 
capacitance micromotor (VCM), Ultrasonic micromotor, Linear stepper micromotor 	(*, M:!
/,'(	
#"2&/2&	$




























# 10 33 Fan (1988) 
;&&//
;$"&	,&-/
$9 ,##$##" %0 M  & (Polysilicon) 	(*$2&"&	,&-#
 (Etching) 	4!&$0 3$'#/'/ 	,&- /$	,	,&- %0&$&M  	, 
(Phosphosilicate glass : PSG) 	(*#$0!## " 2 0
&4& 0/2	$6'
+.-2&	,&- 60 µm 1'2&	,&-$	,	,&- 4 µm $
!"23#$	,	,&-,'&
	,&-	(* 12 ,'& 8 / 0
!$&2	$6'+.-2&	,&- 120 µm 1'2& 
	,&-$	,	,&-	
' 2 µm "$/23#$	,	,&-,'&	,&-	
' 24 ,'& 8 "#"














"&	,&-$"91""'&.'%' 60-100 V ##"	8#$.$&.'
! 1200 rpm  
 
 









! 2.1 $"&	,&-2& Tai (1989) 
  
Mehregany (1992) ;	$&$ &&/ #"/
$&"&	,&-0  
Variable capacitance micromotor / Salient pole // Wobble %0# <(.5-"
2& M  &	4!&$$ #	4!&"4&
!	#' LPCD (Low pressure chemical vapor 
deposition) $	(*$
!"23#$	,	,&-,'&	,&-	(* 12 ,'& 8 	$6'+.-2& 
	,&- 120 µm 1'2&	,&-$	,	,&- 1.5 µm 
!#"1 2.5 µm 	4!&
!#
#"	8# 140-360 rpm /2	4!& 150 V /$$.(
! 2.2 
 
       







! 2.2 $"&	,&-2& Mehregany (1992) 
 
1st Polysilicon 
Hub Stator Rotor 
Ground plane Si02 Si3N4 
















' 6 ,'& 8 / 6 ,'& 4 ,";    
Yasseen (1999) ;	$&$"&	,&-/$9 ,	4!&	(*$# ,0-/$#
#$$$$'#$. (High-aspect-ratio micromachining) %0
# DRIE (Deep reactive ion etching) $	,&-/ (Micromirror) M:!
$	(*M  & $'#$$	,	,&-%0# <v#$	&8M- M:!#$
	(* 	 "#"1	
' 200 µm 	$6'+-	,&-	
' 995 µm 1'1#'
	,&-$	,	,&-	
' 17 µm 	4!&& %0	(*$# ,0-
/$ 2#"#	
' 
900 µm #"## 500 µm /#"$. 200 µm /2	4!&("7 50 V ##"	8# 
300 rpm /$$.(
































 Li (1999) 6 ,"&	,&-/$9 , ";#23#	,&-,'&$	,	,&-	
' 




!>& /#$'&/$%1%&,'&'# 	"4!& 
	,&-	4!&
!






!	(*M  & 
l7#"2&/ 





' 2.3 µm #"1	,&-	
' 2 µm 1'	,&-$	,	,&-	
' 2 µm /2
	$6'+.-	






















! 2.4 $"&	,&-2& Li (1999) 
N 
P-Sub Silicon dioxide Silicon nitride 
Polysilicon  
Hub Rotor Stator 
P-N junction 






Takimotor (1999) $,#2	%0# <v#$	&8M- 	4!&
$&(7-
!"$$$'#$. (High aspect ratio) ;# 2 0  4& ,#2	/
M!1#"&	,&-/ wobble motor L/$6'13$	&8M-"#$.M
	(*
&;#"1 7 µm $#/$
!%0	(*0 # PMMA (Polymethyl-methacrylate) /#
	, "1 	 	4!&2:3.($ 22&,#2	M!1# "#"$. 100 µm 1'
1#'M!	(* 5 µm $$'#$.	
' 20 $'#"&	,&-3#"1&.'
! 100 µm 1'2& 
	,&-$	,	&-	
' 2 µm $$'#$.	
' 50 	"4!&%0/2	4!& 100V ;#7
/ $;1,#2	M!1#/"&	,&- 113.3 nN-m / 31.9 nN-m ,";  





/#$%0 M  &	(*#$ ";#23#$	,	,&-,'&	,&-	
' 12 ,'& 8 
1'1#'	,&-$	,	,&-	
' 1.5 µm #"1("7 2 µm 2	$6'
















! 2.5 $"&	,&-2& Endomano (2003) 
 
Krishnamurthy (2005) +:l;&6/(62&"&	,&-/ Variable 
capacitance micromotors ;#$	,	,&-,'&	,&-	
' 8 ,'& 6 # 	1-22&#"











("7 200 V 
;
$&;&6#1'1#'	,&-$	,	,&-,3/,' 5-20 µm 
2	$6'+.- 2 mm #"	8#$.$ 50,000 rpm  
Vinhais (2006) 	$&&&//$"&	,&-%0# <v#
$&,#&	,$#/$0  SU-8 /2:3.(#01#	4!&$
$	,	,&-//	,&-//$'#3:;"(&1#"



















	#' Bulk micromachining /$0 3#$#436 #2&>&14& 
Surface micromachining M:!/,'# <8"2&/2&	$
!/,,' $0 3#$
>& $'#%1='/#	(*#$(	
M  &,&%0&(7-/	4!&"4&$. /,'#"
/"';%$ #"&,	 14&$'&2/"'; $'#&# <4&$








































)#	B-)-# (Sputtering) ) /

)/ (Evaporation) &/





 !  






























































		&#)$@$)/@ %T@* 3.1 ),)@)@		!	&#






































/$) / /+O		 %T@* 3.2 () 
),/$) 		&# AZ  T@*  3.2 (A) ),-+/$) 
		

































         








































(2) /$)  












































































+ )# .  #)# ),-
 AV!T/)/+@!&












/@*),A! (Anode) O+	$) &#!WV*),A!' (Cathode) 
/@*)/$	./&/
@*AV!T
),+@	./@!   





























































































Aluminum LiAlH4:AlCl3 %#@) 






1. )-@$ LBN-99 ready #$- 25 #-) *),	&#)#!. 
	%/
	 
2. )-#$ Spectra LBN-99 #$- 300 $###- %	 














1. )-@$!. #$- 3000 $###- %&@*$@) *%/
 
	O	$)X#*AV! )-#$	)W@$W (Potassium cyanide) 833 $ %
	@
 #!
$ 10 @ 	+/$ 
2. )-#$ 	)W@$)- (Potassium carbonate) !./75 $ % 
	@*$@T+%&
)$ 5 @ 	),) !)@@! 
3. )-#$ W#)W (Silver cyanide) !./ 225 $ 	#!
 
@$ 15 @ 	),) !)@  
 20 
4. )-#$!. )#*$%	 
#$- 5000 $###- 
  5. )-#$O (Granular carbon) !./ 10 $ 	-+),)@
30 @ /!V/	 +%/
	)$@.U###+




  6. 	
f 3-5 !) *)O
wxO%	 




@* 1.5 V ),) 15 @ 
  8. )-#$	 Silver Glo make up #$- 3 $###- 	 Silver Glo 3K TY












/ &#!-+ Y )&+ ) /	+%/M+

$/%
)$- %#@!)	) / 2 #'@  




 (Heating element) / - (Boat) .%/
//$)/)/





































T@* 3.6 ) *) /
)//%	MMc 
 
T 3.6 ) *$ 	./) /
)/
	+	.M  
/++	 - /)/$ &#! ) /&#!.@*$
	MMc% 10-6 NV 10-7 torr A











2. 	B-)-# (Sputtering) #'@@!c	











		 (RF sputtering) )/$	./	)/$@*),-./ ?$N@*A
		#$%&










































































































































+ @!  
  1. ) "##$@*.$	

))@$)#
) *) /)/	MMc -$. 
2. /$) 		&#"  
  3. ?	@-)-O+/
!	@.%/
) !		.U###
#)@*NT	) *+)#  
4. .
		#)@*NT?	#! 






















































































































{	W#). RF 100 W ),) 3 @ 
	) /))@$)#@*
$/ 300 Aº  500 Aº -$. 	%T@* 3.9 
) *) /)/













          () +) /    (A) /) / 
 





 -+$ ) 
		&# AZ4620 "+ 
) */$)  Laurell + WS-400B-
6NPP/LIT @*$)X 500 rpm ),) 5 #@ 
/$-+
 $)X 600 rpm ),)  
30 #@ 




 26.5oC  $& !	$' 45% RH @ 1 &*$ ) *.%/
		
)X- -$. !?	-)-) * Quintel Q4000 O+/
!
	@*.$	
 ),) 130 #@ @*$)A





-) !		)+ 2.567 J/cm2 !
		
 KOH -+ H3BO3 -+ H2O 





















    () /







         
	
/ 
   











	 12 mA/cm2 ),) 5 @ !-+
 &/)#@*$/+	)+ 
24 mA/cm2 ),) 5 @ 	
.&/)#@*$/+	 40 mA/cm2 
),) 10 @ -$. 












	)-)- )- )- 
 




















                                                                                                



















{	-)	T@* 3.13 () +$@/)#))@$ Y 
@*) T+@*O#
A".	/)#%&
	 H2O2 -+ NH4OH 
%-	+O	$ 1 -+ 10 #$- 	)@$%&
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+$@!	@*	$T$+	$T	%T@* 3.17 )#$)	@/) *




   
 
 





































































 T@* 3.18 		

/
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	



















{	-) @*/T$# 95oC ),) 30 @ /
 !.$	O#
"
	$A{	W#)@*. RF 100 W ),) 3 @ -+$) 		
&# SU-8 3050 "+ 
) */$)  Laurell + WS-400B-
6NPP/LIT @*$)X 500 rpm ),) 5 #@ 
/$-+
 $)X 2400 rpm ),) 30 
#@ 




 26.5oC $& !	$' 45% RH @ 1 &*$ ) *%/
		)X- 
-$. ?	-)-) * Quintel Q4000 O+/
!	T@* 3.19  
),) 20 #@ @*$)A




















































































T@* 3.21 () AO#/





































































+)@%@* 5 -+ 
 
3.5  &=  
































 (Mathematical model)  !"#$
%&'%((
)!('* 







-'	<=>/?1$	@'0;90+?1$AB(5%#:634# (Transfer function) (#%2##AB(5%#
:634#9%(67;!'
6,+ .-9073(7%9,0+(%#8	/$;90 !/3 	/3(% 
8( ,*$	(!%











%& ;90(6 4 
*67#	/$ 
*$#	/$;90   
*67#	/$3L6
(%	/$'%639%#L (79 (#4  -
*67#	/$%+8%'*%#2'#%(. 
4  9J





































































    
 
4  














0, 5# (Strong, 2006)  
 





















L!	/$ 4.3 .#99%#,%	3'%%7#	/$7'6(%#@#(@#-3-6 I 
 










.%27  64  	6(% 12 6 8  +*$(4
0#;90.#9,+ 6 I 	/$
 '+-+ (#%2##4













	/$ 4.1 %&%(=.+ )J
;AAK: 
Parameter Symbol Size 
Inner radius of the rotor R
1
 58 µm 
Slot radius R
2
 250 µm 
Rotor radius R
3
 443 µm 
Inner radius of the stator R
4
 468 µm 
Rotor-stator gap G 25 
Stator angle T1 18
o 
Stator angular space T2 12
o 
Rotor angular space T3 27
o
 
Rotor angle T4 18
o
 































 (#7%3	/$ (/$37.0,76(8+ 493	%$7;!-+/.#9.-3-'6-'76
4




















7+L  ,*$ !"#67#
59 53.-3-'6-'764
0  #*$9073 ')8@# *$..% 
*$# (Driving force) 
 ,-'(4
03L6'6(%# (#;! -	@'00@50@#(.% 
*$#+( '+3:10










7+(70  /3(76 (-7#(0
4
0)J
%967#L (High aspect ratio micromachining) 0%3(-7#(4R








* !B)%#(-7#(0-,%{#)!(6 I 3%3L6@#567 $+0#.(,%{# 9%#%2#1
 !"#004
0	/$+/.#9@'&6 ,*$0;9063(764
0.#9 v(  ,*$ !"#(
 /3#L0-|}(|# ,*$@'0 (9
7+ .0@-'#7	((0;.!B&' (,%{#(-7#(
6I @'0 !"#+T#'%(%(0)!(	/$0(4









  #+;AAK: (Static electric field '* electrostatic field) 
*  7 I !-)	/$
!-)+:6#;!:1  (9(8.!-);AAK	/$#$3L6(%	/$ ?1$7%73L6@#%7(6 I 
 56# 7%73L6@#)&&('*7(76 (Free space) (#%#9 
!- T, 2551) !-) '6#/2
+/(-	6(%#	@'0 (9#+;AAK  
*$#;AAK -,%#;AAK6;! (1(=
 (/$37(%#+;AAK $+0#9073(>.






  1 224
Q QF
Rpiε
=                      (4.1)
                    
493	/$     F     
* ;AAK: (N) 




* #7#!-);AAK (C)      
   R      
* -3-	-'76!-) 
   ε 
* 










(-	#%2# I 493,(+( (4.1) @'0 Q
1





7+ .0+#+;AAK !"# 
 
 
  1 2
2 4
QFE Q Rpiε= =                     (4.2) 
  
 
493	/$     E    
* #+;AAK (N/C)  
 
       
  (,#+;AAK,*2#87@##7%2z(	/$,)686#,*2#	/$87 493('#9@'0+/
#+;AAK (E) ,)686#,*2#	/$ (S) 	(	 (Gausss law) ))	$!*#$$%	
 +	+'





= D.ds = Q∫                     (4.3) 
 
 +*$   ψ    
* A%(?;AAK'*#7# 0##+;AAK (C) 
  D     
* 
7+'##6#!-);AAK (C/m2) 493	/$ D =ε E 
  ε     
* 
6J,3+%+,%	R.( 
   S     
* ,*2#	/$.86#%7# (m2) 
  Q     











L!	/$ 4.5 ,*2#	/$'%,#+;AAK86# 
   
  '(	(	 (+( (4.2) -;90 Q ESψ ε= =  !#/"	"	/	#$$%	
+ 	 (4.4) 
 
   QE
Sε
=                      (4.4)
                   
  ( 
*$#	/$.+ %3;AAK:@#(.% 
*$# ,*$@'0 (9( 
*$#	/$+/
'%(( 56# 9/37(%#(%'%((.86#
L6.## 9%L!	/$ 4.6 !-(907386#%7#.##(%#
86#-+/,*2#	/$ 	6(% S 73L6'6(%#9073-3-	+$ + 	6(% g -3%+/-'76
86#	%2 +/




















+  +  +  +  +  +  + 
-  -  -  -  -  -  - -  - 
,*2#	/$87 
E 
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W E dvε= ∫                      (4.7) 
 
493	/$   E = V/g     +*$ V 9%#'*%(3;AAK - g 
*-3-'686#%7#-;90+(@'+6 !"#  
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2 2 2 2
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1 1 1 1 1( ) ( )
2 2 2 2 2e
v
v
V V V SW dv v Sg V CV
g g g g
ε
ε ε ε
   
= = = = =   
   
∫     (4.8) 
                                                
493	/$   W
e
 
* ,%#;AAK: (J) 
     v, v    
* !+7+ (m3) 
            V        
* %(3;AAK (V) 
      g         
* -3-'6.86#%7# (m) 
 
  (';AAK:'*	/$	@'07%:)+: 
*$#	/$;90J3@0 *$#;.!-)
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  ( )e
dF W
dx
=                    (4.10) 
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dW d d wlV wVF CV
dl dl dl g g
ε ε  = = = =  
   
              (4.11) 
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dW d d wlV wlVF CV
dg dg dg g g
ε ε  = = = = −  
   
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%7#	%2 !"#(+/J
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7+);AAK-'764 (%  ;909%
+( (4.14-4.15)  
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                                           (4.15) 
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 (+(	/$ (4.9)  !"#(,
6
7+);AAK ,/3.%27 9/37 :0,6 A-+/  
4 .%27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= =   
 
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        
    
                           (4.19) 
 
(+( (4.19) 9%(67 
*$'+3 (-) '* (+) 
* 		.('+)# 
493	/$    T
d
 
* 9 (N-m) 







6. ε  	6(% 8.8542×10-12 F/m   
V  	6(% 50 V  h  	6(% 300 µm  r  	6(% 458 µm - g  	6(% 25 µm +:0(A

7+%+,%#R.
7+);AAK(%+)+ '*$+?0#.4 (%  ;909%L!	/$ 4.9 -@#L!
	/$ 4.10  !"#
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 56#(%# ,76
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Angle overlap (deg) 
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 (Endemano et al., 2003; Mehregany, 1990) ( 
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1 2( ) sgn dJ B C C V Tθ θ θ+ + + =                   (4.20) 
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493	/$    T
d
  
* 9 (N-m) 
J  
* 4+ +#
7+ z*$3.7%:) (kg-m2) 
C
1
    
* 
6
	/$9 /39	## (N-m) (





	/$9 /39	##	/$ !"#AB(5%#.9%# (N-m/V
2)  
       (
6+T# 	6(% 1x10-17) 
θ  
* 
7+ v7 5+)+ (rad/s) 
θ  
* 
7+ 6 5+)+ (rad/s2) 
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L!	/$ 4.11 9,+ '%-,7% 
  
  ,*$@'0636(
#7-, 	+ 21 2( ) sgnC C V θ+    !"# /39	#	/$60#
9 +/
7+;+6 !"# 5 0# -+/		.0+(%( 
*$# 493	/$ sgnθ = 1  +*$ 0θ >  - 
sgnθ  = -1  +*$ 0θ <  
6	/$ !"#7('*#/2.12#(%		('+)# '(,('+)# ,/390#
 9/37-('#9@'0 !"#7( 	+#/2+/
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:) (Hibbeler, 2004) ?1$
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J r dm= ∫                   (4.21) 
        
 
 
dm dV hdA hrdrdθρ ρ ρ= = =                            (4.22) 
 
 
+: ./3#+( (4.21) @'+6;90 !"#9%+(  





J r hdrdθρ= ∫                                                                                                       (4.23)  
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                                                   (4.24) 
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7+'#*9 (Coefficient of viscous drag) .











                                                                                                      (4.25) 
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		1	!	"2'3		0  	4	0	+!5!)0
/670	/)'8		 . #/ 'R/(
#7 57 
-' (Analytical method) '8	"1	2
9'! (Numerical method) -((0!B&'9073 SCICOS (Scilab connected object 
simulator)  !"#4!(+8 (/$37(%-,7%. Scilab @##7%3#/2;90	(8
	%2 3 7R/ ;90(6 







   (+( (4.15) '(#;!(0!B&'90737R/(
#7 57 
-' (Analytical 
method) -, 	+. /39	# sgnθ   = 1  +*$ 0θ >   -  sgn θ   = -1  +*$ 
0θ <   
6	/$ !"#7('*#/2.12#(%		('+)#6'(,('+)# ,/390# 9/37 493@'0
 !"#7(  	+#/2-+/
6 !"# 1 +:,+(9%(67 !"#%(=-+( 5#),%#R
;+6 !"# (,%#R (Nonhomogeneous equations) (Kreyzig, 1999) 9%#/2 
 
  ( ) ( ) ( )p t q t r tθ θ θ+ + =                    (4.26) 
 




  ( ) ( ) ( )h pt t tθ θ θ= +                   (4.27) 
 
:)    ( )h tθ    " "1	#	
8	 1 1 2 2( ) ( )c t c tθ θ+  
        c1, c2     " "	 '-0/4"	"- . 
  ( )p tθ   " +!5!)5
	 
 
		&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	 (4.20) -0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 	#9073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1 2( )Td C C V
J
− +  	#9073 
%7! Y 1;90+(@'+6 !"# 
 
  Z Yθ θ+ =                    (4.29) 
 
-	='' 	0	"1	"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!	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1. 0	+!5!)# ( )h tθ  	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	(Polynomial characteristic) 4 " ' 0Zλ λ+ =  #/+!5!)" 
0, Zλ = −  	
8+!5!) 
 
  1 2( ) Zth t c c eθ −= +                                (4.31) 
 
2. 0	+!5!)5
	 ( )p tθ  		#
8 ( ) ( ) ( )p t q t r tθ θ θ+ + =   +!5
	"  
 
  ( )p t Atθ =  
  ( )p t Aθ =                    (4.32) 
  ( ) 0p tθ =   
 
1	+!5!)	 (4.32) -	 (4.29) #/ A = Y/Z 1	-0/#/+!5!)5
	4  
 








8 ( ) ( ) ( )h pt t tθ θ θ= + 4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Zc eθ − += −                   (4.35) 
 
 
	+!5!)!	1	0-0/"	'/ (0) 0θ =  ! (0) 0θ =  		'/:
)#'	"!#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 1 2(0) 0c cθ == +                   (4.36) 
 
  2(0) 0YZZcθ =+= −                   (4.37) 
 
 




= − = − 		&)+!5!)##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  
 
 




θ −= + −                                        (4.38) 
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Z




	 Z 9073 B
J
 - Y /) 
2
1 2( )Td C C V
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= −                              (4.41) 
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#7 57 





*4'-+/,+ 6 I  !"#9%#/2 V  	6(% 50 V  ε   	6(% 8.85×10-12   F/m  
 h  	6(% 300 µm  ρSU-8  	6(% 1200 kg/m
3  R
1
  	6(% 58×10-6   m  R
2
  	6(% 250 µm  R
3
  	6(% 
458 µm  g   	6(% 25 µm  η  	6(% 1.83×10-6   Kg/m-s  h
b
  	6(% 1 µm  C
1
  	6(% 1x10-13 N-m  
- C
2   	6(% 1x10
-17 N-m/V2 




  	6(% 2.418×10-10 N-m   
B  	6(% 2.21 x 10-12 N-m-s - 
6 J  	6(% 1.0 × 10-14 kg-m2 -;90(A9
7+%+,%#R
-'76
7+ v7(% 7 I 9%L!	/$ 4.13 
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#;! (+(	/$ (4.20) ('#9%7!:#- !"# 1  x θ=  - 
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7+ z*$3 (J) 
6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rad to deg   

































(('8 z3.+(,7%	/$86#+  !"#(@50%&&#,).%2#%#;9 
(Unit step)  ,*$1(=,<(+.-  #*$(%&&9%(67@5036(70.7- !"#
%&&+T#'%(	9- (7){ ), 2546) (#.-
,7% +/
!-(67#;90(6 (#5%$7
L6 (Transient response) -(#
@#:#-3L6%7 (Steady-state response) (#	%27+(%# (9 !"#(#
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c t e τ=                    (4.43) 
 
493	/$  c (t) 
* +,L9.(#7+ 
T 




	/$	 7 (Time constant) 
 
(+(	/$ (3.36) '( 786#;! #$###-,76 
 
 










5τ 4τ 3τ 2τ 1τ 




+(	/$ (4.44)  !"#(#.%2#)9	03-,76 +*$ 786#;! !"# 7 τ  7#	/ 
(#+/
6+,L9 !"# 63% .
6)9	03 (Final value)  +*$ 786#;! 	6(% 2τ  3τ  
4τ -  5τ --# ,$+.12# !"# 86%  95%  98% - 99% .
6)9	03+9% 
?1$@#	7(7(+:*76-@'0(#493+L 	6(% 5τ '* 5  	6.
6
	/$
	 7-- +*$	( 	/3%+!-	R(#.+ (+(	/$ (4.43) (%
+(	/$ (4.36) -;90
-
 ( )  1-  1
t B
t
Jc t e eτ
−
= = − -;90
6








	/$	 7 	6(% J/B ((#6#,)(L!	/$ 
4.9-4.12 +/
6 B  	6(% 2.21×10-12 N-m-s -
6 J  	6(% 1×10-14 kg-m2 9%#%2# τ +/
6 	6(%  
4.53 ms 	@'0-3- 7 .0L6:#-3L6%7 	6(% 22.65 ms +/
7+ v7 	6(% 1035 rpm -
9%(67 !"#-%#9%'#1$ +/L!AB(5%#:634# !"# 
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v = 50 V 
v = 100 V 
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g = 20 µm 
g = 25 µm 
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h = 200 µm 
h = 300 µm 
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(Surface micromachining) :)-9/!	#:! /) 
!'*'!'""	0	1	 
:)') Emdemmano (2003) *>
		'	"!/	)"!>	')"1	
:	 8  12 :):"/	4		 4.2 	
		'	
  J 	 2.6×10-19 kg-m2 B 	 2.8×10-12 N-m-s C
1
 	 1×10-12 N-m ! 
C
2
 	 1×10-15 N-m/V2 1		% 50 V &> 120 V 
	+!	
 !	"!	"	B/	&	)/))!		 0.4643 µs 
"	B 120 V 	 120 rpm !+!	 4.22 
/		&
+!	'
  Emdemmano !	'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T2 T3 T4 h 
(µm) 
Emdemmano 40 50 60 61 18o 12o 27o 18o -  
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 !
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:)-9/	/670	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Gap = 25 um 
Thickness = 300 um 
Endemano (2003) 
Gap = 1 um 
Thickness = 2 um 
Relationship between speed and input voltage 
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 2 )" 
#+*
+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-+*"*5%"&  3 )" 
#+*+5%"&61 
 4 )" 
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<  5.2 +"%	5"%+*+$"%"&'()
#5)+5 





















1$ 2 +1 )" +16
-57228
#+"%	5"%+*+6
& +%%"&1 -1 
5)++*+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  SU-8 














negative   






























































)$ $G 300 Ao  500 Ao %$*
 
2. $')"+	+ AZ1512 ,1")"5
#
)$9 500 rpm  ! 5 -  1500 rpm  ! 30 - 	
)$ 10 µm 
"6-"'G(<$- 95oC  ! 3  ,1)$" =#+"%	5"%,1
 1 "+
#;"
&+%%"&61 )$;$+ 22.2 mW/cm2  !
 3 - 	
)11 66.6 mJ/cm2 +	+
# KOH : H3BO3 : H2O "%+1 
4 g : 1 g : 200 ml  ! 45 - +
	#$6






#	223 )$;$+ 10 mA/cm2  $G 5  ;
#
#	
)$ $G 5 µm +
+	+-
#":-5% 










() 1"6'--       (;) 6'-- 
 








#)$9 500 rpm  ! 5 - 1500 rpm  !30 - 
%$*
 	
)$ $G 10 µm ""'G(<$- 95oC  ! 5  ,1)$" 
=#+"%	5"%,1 2 "+-)$;$+1 22.2 mW/cm2  !
 3 - 	
1 66.6 mJ/cm2 +	+""
# KOH : H3BO3 : H2O 




#	223)$;$+ 10 mA/cm2  $G 5  
;
,-#	





<  5.6 
 
 
      
 
                                                               
 




<  5.6 -6'--;"$"%"&'()5)+5 
 
6. $')" AZ1512 6-
#)$9 500 rpm  ! 5 - 1500 rpm 
 ! 30 - %$*
 	
)$ $G 10 µm ""'G(<$- 95oC  ! 5  
,1)$"=#+,1 3 )$;$+ 22.2 mW/cm2  ! 3 - 
)11 66.6 mJ/cm2 "+5%"&" +	+
#+# 
KOH : H3BO3 : H2O "%+1 4 g :1 g : 200 ml  ! 45 -  h  
7. 6'5--";< 
#)$;$+ 5 mA/cm2  ! 5  ;
,-#
	
)$ $G 5 µm +	+""
#":-5% h 	
,














                  ()    =#+                 (;) 6'--   
 
<  5.7 5%"&=#+6'--;"$"%"&'()5)+5 
 
8. )"+	+ AZ1512 6-
#)$9 500 rpm  ! 5 -  
1500 rpm  ! 30 - %$*
 	
)$ $G 10 µm ""'G(<$- 95oC  !




'66)"#5%"&""+1" )1 72 mW/cm2  !  
3 - 	
 216 mJ/cm2  +	+
# +# KOH : H3BO3 : H2O "%+1 
4 g : 1 g : 200 ml  ! 45 - 	
,

























































#)$ $G 300 µm =#+"9:&,1- (5) 
#
 5130 Dose + 143 mA  ! 4  26 - "
+"+5%"& 
+%%"&""'G(<$- 95oC  ! 15  ,1)$" 
 11. +	+""
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--                           () +
+	+
# PG Remover  
 
<  5.10 5)+;"$"%"&=#+6'-- 
 










































































































5)+# 4 +1)" 5%"& +%%"& 5%"& 
& $+
"%	5"% 1  +*+
& +1+*++%%"&5%"& 
6-57228
#+"9:&$ 2  1"" !+*+ 
5%"& +*++%%"&5%"&






































































































































#)$ $G 300 µm =#+"9:&+*"-9%"
1 136 mA 	
 16229 Dose (Bottom dose)  ! 5  )$
 0.73 torr "
"'G(<$- 95oC  ! 15  ,1)$"
#;"5%"&;$ 
  3. +	+
#*# SU-8 developer  ! 20  *)$+"
,-

#+$;"i+"":-* RF 100 W  ! 3  +
	#$""
# 
+# HF )$;$; 5% *)$+"
















<  5.13 =#+"9:&+	+;"5%"&+*5)+5#+1 
 
  4. 6'5--61"1
#)$;$+ 1 mA/cm2  ! 20 
+ 2 mA/cm2  ! 10 65$ -$)$;$+") ! 10 mA/cm2  ! 
15 65$ *;
#	
)$1 300 µm 












<  5.14 6'5--;"5%"&+*5)+5#+1 
 





CF4 * RF 200 W  ! 50 65$ 
<  5.15 
 
 




<  5.15 +
+	+"";"5%"&+*5)+5#+1 
 





























         () 5%"&4< )'$
#5          (;) ;
5"" 
 
<  5.16 +
5	#$"
;"5%"&+*5)+5#+1 
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  <  5.17 ++%%"&+*5)+5#+1 (%1") 
   






  1. $')" AZ1512 ,1-$&)"5	#$ )$9 
500 rpm  ! 5 -  1500 rpm  ! 30 - %$*
 	
)$ 10 µm "
"'G(<$- 95oC 3  ,1)$"  
  2. =#+"%	5"% "+
& )1)$;$+ 22.2 mW/cm2  
 ! 3 - 	
1 62.6 mJ/cm2  
  3. +	+
# KOH : H3BO3 : H2O "%+1 4 g : 1 g : 200 ml  ! 
45 - +
	#$6""





  4. 6'5--
#	223)$;$+ ! 10 mA/cm2  $G 5  
;
#	
)$ $G 5 µm +
+	+-
#":-5%-

























<  5.18 
&6'--;"+%%"&+*5)+5#+1 
 













1 104.4 mA 1 13612 Dose (Bottom dose)  ! 5  )$
 0.35 torr 
""'G(<$- 95oC ,1)$" ! 15  
  6. +	+""
# SU-8 developer  ! 20  +$"*
)$+"




HF )$;$; 5% *)$+"





  7. 6'--
#	223)$;$+ 1 mA/ cm2  ! 10 65$  
+ 1.25 mA/cm2  ! 10 65$ -$)$;$+ ! 6 mA/cm2  !  
10 65$ *;
# 



















() 1"6'--                 (;) 6'-- 
 
<  5.19 6'--;
#;"+%%"&+*5)+5#+1 
  
  8. +$+
+	+* RF 200 W 
# i+"":-  CF4  !
 45 65$ 	
,

















+	+      (;) 5%"&-
$ 
 
<  5.20 +
+	+;"+%%"&+*5)+5#+1
#+$ 









































(;) ( SEM (Scanning electron microscope) ;"5%"&+%%"& 
 
<  5.21 +
5"
+*5)+5#+1 
   
  ,1$1 !-76*-	  -$%%1=#



























































































































































,-. 5.22 %- 




0'	 30 	,- +'5	('++ SU-8 3+ 1	
	()!" 	
 
%-&(%%'&'	 	 	N 300 µm  






! 103.7 mA %'&	 18024 mJ/cm3 (Acc.BottomBright) 0'	 3 	,- ,-.'	 
% 0.011 torr +',-.#N$  95oC 0'	 15 	,-+35'	  
  3. ,2	
			('+













































  4. / -& (!"%'&/.!!/.	('+
'N%
5	'2	())*	,-.5	





 10 SCCM +'	 % 1.32×10-2  torr (%'	 	 	N 0.08 µm +'/
,-
 %'&












5/        () / 
 
,-. 5.23 !"/2	())*	 
 
  5. 5	('+	,-.35	
	/-





+''	  95oC 10 	,-  
6. %
	()!"
































%'& SU-8 developer  	N 30 	,- 
+'
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) /%	%-&'         () /%	 
 








































































  5.3.2.1  	
	
	
4    
01.
,2	34 
   
































		!!"%'&	 "/ -& +35' " 
       /. !%%'&
	'
=- 

















 -&  











































		!!"%'&	 "/ -& +35' " 




    










+' 5	('++ SU-8 +35
	()!"	% 2x2 cm 0'	 120oC 	 1 .'  
+',2	
	%-&(%'	 	 320 µm  






=" ,-.	 20500 mJ/cm3  (Acc.BottomBright) 
+2	<
!,5	
 89.46 mA 
'	 6 	,- +',2	
	D	&+ 95oC 0'	 15 	,-+35'	  




,-.#N$  95oC 0'	 15 	,- +35'	 -
%,-. 5.27 
    4. / -& !!"%'&/.!!/.
	('+'N%
5	'2	())*	(% ,-.
2	 300 W !	
	(+
_	"
 6.5 SCCM 
0'	 5 	,- +'	 % 1.32×10-2  torr (%'	 	 0.2 µm %,-. 5.28 
 
(7) /. 	, %+35' "%'&
	'
=- 


























































,-. 5.28 / -& !!"2		 "/ -&  




   5.   SU-8 

(%"/,-. 2×2 cm2 (%'	 	 	N 









	 +'	  95oC !50'	 1 .' 














































                                      
,-. 5.30 	%
	()!"2		 "/ -&  




   7. !%( %",'N	 i 	/.0,-.
2	
,	
	' -'	 	 50 µm 	
3 
	'



















+35' ",-.%-&+,2	'	 	%+'%,-. 5.31 	
'	  50oC 
0'	 5 .'  +'5&(',-.#N$  5 .'  /.
	'
%


















	5 SU-8 2		 " 




































































      () 		('+ 
 
,-. 5.32 
	+35' "!!"2		 " 















 100 W ' '	, % 1.'  ,-. 5.33 () > () ,-.
2	 RF 
,5	
 200 W ' '	18 .'  	  ,-. 5.33 () ,-.
2	 RF ,5	
 200 W ' '	
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		 	!!"2		 " 

























	/ -& +35' " +'/. !%
%'&
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) 	 	,-.
2	 RF,5	
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	 	!!"2		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 	!"#$"!%&
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
'-.(!(	$
 AZ1512 























. 5.35  & $$,!
+& &'",'+'2 &(	) 
                              1
&",($"!!
 /
















































. 5.35  & $$,!
+& &'",'+'2 &(	) 
                   1
&",($"!!
 /




























































. 5.35  & $$,!
+& &'",'+'2 &(	) 
      1
&",($"!!
 /
1 & AZ1512 ($) 
 






1 & AZ1512 	)$'2!!	&) 





1 &("!' SU-8 '&%& 	)	!3
/!!

29 320 µm 	)(")&	!1'
E	& ;#,
!.!#		& ;#,!
'	&& 20014.30 mJ/cm3 (Acc.BottomBright) 21 '"';$
92!"E1 & 	 107.6800 mA 3(
' 4  30 
" 
!	 2.6×10-3 torr 
1'
'	&E1 & 95oC *
' 15 1
  
         2. '& /
1 &!
 SU-8 developer *
' 20  	
2+#" 1'
89_." 95oC *
' 15  1
	)& 
         3. '+'2'."'&/ $$,!
& $$"& 3
 /
1 &/77`'	& 150 W 	$/'1b , 10 SCCM *
' 15  

!	 1.32×10-2  torr /!
 0.08 µm ' SU-8 (")&3) 2×2 cm2 )	 100 mg 
/!
29 400 µm 1'
	!' 320 µm 





















































 &1'22 	+& &'",'+'2 
        &(	)1
&",($"!!
 /
1 & AZ1512 
 
5. 	!/7$,!















         6. '+'2+(")&	)& 150 W 	$/'&
1b , 10 SCCM *
' 10  
!	 1.32×10-2 torr /!
29 0.12 µm 






























                            () '	&'+'2(	) & 
 
. 5.37 '	&	!/7$,1'2'+ $$, 	+& &'", 
         '+'2 &(	)1
&",($"!!
 /
1 & AZ1512 
 $ 
















29 60oC !	&. 5.38 
 
 











                () 2(")&1




&", 	+& &'",'+'2 &(	) 
        1
&",($"!!
 /
1 & AZ1512 
 






         9. '& /
1 &!
 SU-8 developer *













                            () '& /
1 &                                () '	&'& /
1 & 
 
. 5.39 '	&'& /
1 & $$, 	+& &'",'+'2 &(	) 
      1
&",($"!!
 /
1 & AZ1512 





         10. &(")&/!	
 $	!21'2'&
 /





!'& !	&. 5.40 *'' !
















. 5.40 '	&'  	! /
1 & $$, 	+& &'",'+'2 
     &(	)1
&",($"!!
 /
1 & AZ1512 
   




















0&/2  	 &$,8'_ 





















































. 5.41  & $$,!
























































. 5.41  & $$,!
+& &'",'+'2 &(	)0!	2!
"# 




1 & AZ1512 ($) 
    








1 & AZ1512 
'2!!	&$/) 







1 &("!' SU-8 '&%& 	)	!3
/!!

29 320 µm 	)(")&	!1'
E	& ;#,
!.!#		& ;#, /!	'	&&29 21441.63 mJ/cm3 (Acc.BottomBright) 21 
'"';$92!"E1 & 98.7630 mA 3(
' 4  48 
" 
!	 5.6×10-3 torr 
1'
'	&E1 & 95oC *
' 15  1
 
         2. '& /
1 &!
 SU-8 developer *
' 20  	
2+#"1'
i1&1'289_." 95oC *
' 15  1
 
 
(8) 2  
(9) '& /
1 & 
(10)  	!+1'2 AZ1512 !

























/77`'	&& 200 W 	$/'1b , 10 SCCM *
' 8  

!	 1.3×10-2  torr /!
&+'2 0.12 µm 	)' SU-8 &1&'&(")&
_3) 2×2 cm2 !
)	 100 mg /!
29 400 µm 1'
	!3'

 320 µm   





' 30  3
 

















"# 	+& &'",'+'2 &(	)0!	2 





1 & AZ1512  
 
   5. 	!/7$,!
2!d 
         6. 12"#.! &(")& 	)'+'2
+	)& &!
& $$"& '	& 100 W 

























. 5.43 '	&'+'2 &(	) 	+& &'",'+'2 &(	)0!	2 





1 & AZ1512 
 
         7. ! /







4.6×10-6  torr !	&. 5.44 
 











&",  	+& &'",'+'2 &(	) 


















         9. '& /
1 &!
 SU-8 developer *


















. 5.45 '	&'& /
1 & 	+& &'",'+'2 &(	)0!	2 





1 & AZ1512  
 
         10. '  	! /
1 &!























. 5.46 '	& 	! /
1 &!
'  	+& &'",'+'2 &(	)0! 




















& SU-8  		 	2.3!.!e"
9!	&'






92	!/7$,")&23)& SU-8  		 	2/!1"&0)(	 2
"!1&21	1&!2
& 		 	)& &  &' $+& & $$,2
/0!$"!1
&",!
 AZ1512 )	& &'+'2 &! 
'	&'& /























   3&'+'2	)& &*
`&	)'& /





















. 5.47  & $$,!
+& &'",'+'20!	'""/!,!
"# 




1 & AZ1512 
X-ray  







































. 5.47  & $$,!
+& &'",'+'20!	'""/!,!
"# 




1 & AZ1512 ($) 
(8) '& /
1 &  
(9)  	! /
1 &!
'   











































1 &("!' SU-8 '&%& 	)	!3/!!


29 320 µm (")&	!1'
E	& ;#,!.!#		& ;#, 
!
'	&&	 18392 mJ/cm3  (Acc.BottomBright) 21 '"';$92!"E
1 & 94.1150 mA 3(
' 4  	 19 
" 
!	 1.2×10-2 torr 1'
'	&E1 &
 95oC *
' 15  1
  
   2. '& /
1 &!
 SU-8 developer *
' 20  	
2+#" 1'
'31&1'2 95oC *
' 15  1
	)& 





'	& 200 W 	$/'1b , 10 SCCM *
' 8  

!	 1.3×10-2 torr /!
 0.12 µm ' SU-8 (")&	)&3) 2×2 cm2 
)	 100 mg /!
29 400 µm 1'
	!' 320 µm   
   4. 
"#"
9&(")&1'22(")&'&




' 30  3

















   () '	&''."1'2' /

















  () 1'""/!,2   () 2(")&!.!e 
 
. 5.48 '	&$"!(")&'""/!, 	+& &'",'+'20!	'""/!, 





1 & AZ1512 
 
















    
 
 
      
. 5.49 '	&	!/7$, 	+& &'",'+'20!	'""/!, 
















   6. ! /






!	 4.6×10-6 torr  
7. 2(")&	2  
8. '& /
1 &!
) SU-8 developer *































. 5.50 1'2'	&'& /
1 & 	+& &'",'+'20!	'""/!, 













   9.  	! /
1 &!
' '	& RF 200 W !
1b #"
1'2 CF4 *











                                
 
. 5.51 '	&'  	+& &'",'+'20!	'""/!,!
"# 




1 & AZ1512 
 























   	0.&
$%&
'-.(!(	 
    $
 AZ1512 

























1 &("!' SU-8 '&%& 	)	!3/!!


29 320 µm (")&	!1'
E	& ;#,!.!#		& ;#, 
'	&& 19034.122 mJ/cm3 (Acc.BottomBright) 21 '"';$92!"E1 & 
106.80 mA 3(
' 3  51 
" 
!	 3.3×10-4 torr 1'
'	&E1 & 95oC 
*
' 15  1
  
   2. '& /
1 &!
 SU-8 developer *
' 20  	
2+#"1'
'31&	)89_." 95oC *
' 15  1
	)& 
   3. '+'2'."'& $$,"
9!	&'
/77`'	& 
200 W 	$/'1b , 10 SCCM *
' 8  
!	 1.3×10-2  torr /!
 
0.12 µm ' SU-8 (")&3) 2×2 cm2 )	 100 mg /!
29 400 µm 
1'
	!3/!
 320 µm 





















   
 
. 5.52 '	&0!(")&13  	+& &'",'+'20!	13  





1 & AZ1512 
 
 

























1 & AZ1512 
   






   7. ! /








!	 4.6×10-6  torr  !	&. 5.54 
 










&", 	+& &'",'+'20!	13  















8. 2(")&	2  
   9. '& /
1 &!
 SU-8 developer *
' 3  	2














. 5.55 '	&'& /
1 & 	+& &'",'+'20!	13 !
"# 




1 & AZ1512 
 





















1 &32  2 
1+$,!';1'2'/!+!& 




    $%&<	0.&
$%&
'-.(!(	 










 , 	)$!	&$/) 













29 320 µm 	)(")&	!1'
 E	& ;#,&"!.!#		& 
!
'	&&29 19000 mJ/cm3 (Acc.BottomBright) 21 '"';$92!"
E1 & 106.81 mA 3(
'	 3  51 
" 
!	 3.3×10-4 torr 1'
'	&
E1 &89_." 95oC *
' 15  1
  
   2. '& /
1 &!
 SU-8 developer *
' 20  	
2+#"	)'& /
1 & 95oC *
' 15  1
	)& 




/77`'	& 200 W 	$/'1b , 10 SCCM *
' 8  
!	 
1.8×10-2  torr /!
 0.12 µm ' SU-8 (")&3) 2×2 cm2 )	 100 mg /!

29 400 µm 1'
	!' 320 µm   







' 30  
















. 5.56 '	&	!/7$, 	+& &'",'+'20!	13 !
"# 














   6. ! /









!	29 1.6×10-6  torr !	&. 5.57 
 





















&", 	+& &'",'+'20!	13  






1 & AZ1512 1'2 











  8. '& /
1 &!
 SU-8 developer *
' 5  !	&. 5.58 () 
1$ SU-8 	&/ -	!!/! 0&3()'& /
1 &* , 2  "$ 
40 CC 1'




1 &() 2 -0& 3 	)&
213
 SU-8 /'&'.	/' AZ 
*$	












         
() '	&'& /
1 &!











































                                                  () '	&'& /
1 &!
 ,  
 
. 5.58 '	&'& /
1 & 	+& &'",'+'20!	13 !
 





1 &AZ1512 1'2 















	! &$/ 1 !&'
 











. 5.59  
 $$,	+$, 	 &$,8'_!
+& &'", 
     '+'2/77` 




































T2 T3 T4 h 
(µm) 
!1 58 250 443 468 18o 12o 27o 18o - 


























& 5.61 ./&'! SU-8 (& 






































































































$!""($(,1!($, 0.16 "! (
!7)$, 7.105×10-14 kg-m2 ,!&'!%"($(,1!(
$,&( 0.026 "! (!7)$, 1×10-14 kg-m2 !)!""
!!,!,%"&( 7 , 
  
5.4  45 
  5 *2
 &1'2	s$,8'_1/77` -"$ 1 !&3;
-0&1'21/3.1$& t 2	&/!'& .9, -
1&$



























   
 


















 3-$ -$30 #$-$	
 5&$%46#$*4  
4
+,)-41+   
 












0*)" 5&$ 1 2 - 4 )"   
6
-"-CC7   4  !+ -$+. 3-$2




1 #*)1   )04-"+,
'7  +G
 (Open loop) #$  
**4*  
  +G
















 1 # 360o +.CC7 24 !+ # 8   
#$1!+ 15o 44* 6* +.

4 3-$ 1 Hz 4 *
1 1/8 rps (*-) # 7.5 rpm &3 !-$Z
 3-$	


















  #  !)1 (rpm) 










       







      
                            
 
         ( ) θ = 30o                                                     () θ = 45o 
 














(High voltage solid state relay) -$)&"+
4** D 





/ 1+   	1  1 
+7
1

































































SQ-10 Series High 

























 "-$ 1 
 "-$ 2 




1 77.7 77.5 77.5 77.56 
2 156.3 156.9 156.6 156.6 
3 233.2 233 233.4 233.2 
4 315.1 316.6 316.2 315.9 
5 401.7 401.1 401.4 401.4 
6 478.6 479.5 479.3 479.1 
7 570.4 571.4 571.5 571.1 
8 668 669 668 668.3 
9 775 774 774 774.3 
10 889 888 888 888.3 
































(ADC) " #$CC7 3-$% *CC7
 3-$%	+-$)





/ (SQ-10 series high voltage power supply) -

"* 0-1000 V )
 1 W 
)6
**4
/- *"*  






































()  3-$ 1Hz 
 
phase 1  






























t6* 0-400 Hz 
#3 !/
* 3000 rpm  
 








-#06 #$6#$4" *) -"1 	*)! -"4-








4&     







phase 1  
phase 2  
 139 















            () *)6#$







     
                  ( ) 6#$*4	2       () 1 
 

































































































$)&"#$4 D 3& 600 V -$ 3-$ 





































       () *+.





























































( ) θ = 30o 
 
/+-$ 6.8  #$-$)1#$+.
 600 V  3-$ 2 Hz 
 
/+-$ 6.8 +, #$-$)1 7 ** D #$ 
*1 #$-$ 0o-15o 06+7 0.16 -  #$-$ 15o-30o 06
+7 0.16 - 4 #$-$ 0o-30o +,+7 0.32 - 
 7	
 !t-$4+7 1.636 rad/s # 15.6 rpm  7 !
-$ 6.1 5&$- 3-$* 2 Hz 	
 !* 15 rpm 5&$* !









































































                          ( ) 4	-$*
4	-$1                                                                 
 
/+-$ 6.9  -44* +.












6.4  &	,	056787&,-&! 




 03&Z-+.CC7 3-$ -$0
	






















CC7  *4-$ #$-$#$5
- &+*4
CC73









/+-$ 6.10 +,4* #$-$)1
4
 50 V 
/+
*4)/**-$ 15o * 5.7 - 
4 !* 746 rpm 
 !)/*34/** 1035 rpm -$ 22.6 - *+*4CC7
 3-$06*-$-$)/*36$ /*- #4	** Z-
*
+,   +G
 	*-+.)CC7

























































































































0.00                   0.005                   0.010                  0.015                   0.020                 0.025     
time (s) 





















 #$-$	**#$6*  
 
6.5  	9  
 -$ 6 +,
 #$-$)  -

































  1 ,-!2!""#$0,!!3.4&""#
 &0
















	 &0$251.%! %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%0	""# !3









*+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! ,- SU-8 . % 2		13 $140,$3	
%		+
- !3	.9:0 ,! AZ1512 $1	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	
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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 3214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 ,-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 &0
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%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,-
-52 

% ./ ,%0""# &050 323	 !2
 ,%! ,&0










    *2 &	
	./  !.Q
(Open loop) 0   * 	  !.# (Feed 
back control system) 0,
	3   .Q (Closed loop control system) %	

































 .	&'%	-.!74% 2 33
$
-	 !36	  13..4',- 









































(2) 22.9h  
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	. :  !"#. 

$% &'&. (2546). 
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 // 20091122_analytical.sce 
 // Analytical dynamic micromotor 
 //--------------------------------------------------------- 




 V=vgh(1);     //t 
 g=vgh(2)*1e-6;    ///v
w'"x''"  
 h=vgh(3)*1e-6;    //$
# 
 E0 = 8.85e-12;    //v
y
"##z 





 Ep = E0*Er; 
 //rho = 8500;//%%% density Ni   //$
#/
tv| 
 rho = 1200;//%%% density SU8   //$
#/
tv SU-8 
 theta1 = 2*%pi;    //##s"#+w'"}
~ 
 theta2 = (18*%pi)/180;   //##s"#+w'"}
" 
 Rstator = 0.000468;    //#+s"''" 
 Rrotor = Rstator-g;    //#+''" 
 R1 = 0.000058;      //#+w'"}
~ 
 R2 = 0.00025;       //#+w'"'|
 
 R3 = Rrotor; 
 I = ((((1/4)*rho)*h)*(R2^4-R1^4))*theta1+(((2*rho)*h)*(R3^4-R2^4))*theta2; 
 mass = ((((1/2)*rho)*h)*(R2^2-R1^2))*theta1+(((4*rho)*h)*(R3^2-R2^2))*theta2; 
 J = I;      //w##'$
# !" 
 gap = log((R3+g)/R3);    
 Td = (((2*(V^2))*Ep)*h)/gap ;   //tx'v" 




 R = Rrotor; 
 Hb = 0.000001;    //$
#tx 









 C1 = 1.000000000D-13;   //v
+!tx+
&| 




 CV = C1+C2*(V^2);     
 Total_friction = B+CV;   //|$#t+
 





 x_position=(J/B^2)*(Td-C1-C2*V^2)*( exp(-B/J*t)+B/J*t -1);  
 x_deg=x_position*180/%pi;   //'	
t/vw'" (deg) 
 x_speed1= (Td-C1-C2*V^2)*( 1-exp(-B/J*t) )/B;  
 x_speed_rad_sec=x_speed1;  
 x_speed=(x_speed_rad_sec*180/%pi)*(60/360); //$
#-$(rpm) 
 xset('window',1);    //
+! 1 
 subplot(2,1,1); 




 xtitle("Analytical method"," ","rotor speed (rpm)"); 
 chsteg=0.1; chgrans=1;  
 subplot(2,1,2); 





 xtitle(" "," time (s)","Angle (deg)"); 















 // 20091122_numerical.sce 
 // Numerical dynamic micromotor 
 //---------------------------------------------------------------- 




 V=vgh(1);     //t 
 g=vgh(2)*1e-6;    ///v
w'"x''"  
 h=vgh(3)*1e-6;    //$
# 
 E0 = 8.85e-12;    //v
y
"##z 





 Ep = E0*Er; 
 //rho = 8500;//%%% density Ni   //$
#/
tv| 
 rho = 1200;//%%% density SU8   //$
#/
tv SU-8 
 theta1 = 2*%pi;    //##s"#+w'"}
~ 
 theta2 = (18*%pi)/180;   //##s"#+w'"}
" 
 Rstator = 0.000468;    //#+s"''" 
 Rrotor = Rstator-g;    //#+''" 
 R1 = 0.000058;      //#+w'"}
~ 
 R2 = 0.00025;       //#+w'"'|
 
 R3 = Rrotor; 
 I = ((((1/4)*rho)*h)*(R2^4-R1^4))*theta1+(((2*rho)*h)*(R3^4-R2^4))*theta2; 
 mass = ((((1/2)*rho)*h)*(R2^2-R1^2))*theta1+(((4*rho)*h)*(R3^2-R2^2))*theta2; 
 J = I;      //w##'$
# !" 
 gap = log((R3+g)/R3);    
 Td = (((2*(V^2))*Ep)*h)/gap ;   //tx'v" 




 R = Rrotor; 
 Hb = 0.000001;    //$
#tx 









 C1 = 1.000000000D-13;   //v
+!tx+
&| 




 CV = C1+C2*(V^2);     
 Total_friction = B+CV;   //|$#t+
 
 // object function state space variable -----------//  
 function [xdot]=Rotor(t,x);   //.'$t
 
 xdot(1)=x(2); 
 xdot(2)=1/J*( Td-B*x(2)-CV*sign(x(2)) ) ;  
 endfunction 
 // initial      //~vv
!#'} 
 x0(1)=0;x0(2)=0;t0=0;  
 time1=.1     //$|
&	
|"| 
 t=0:0.0001:time1;  
 //-------     The ode-command Numerical RK4----------- 
 x=ode("rk4",x0,t0,t,Rotor) ;   //&	
|"|}$ RK-4 
 position=x(1,:);    //'	
t/vw'" (rad) 
 deg=position*180/%pi;   //'	
t/vw'" (deg) 










 xtitle("Numerical method","","rotor speed (rpm)"); 
 subplot(2,1,2); 





 xtitle(" "," time (s)","Angle (deg)"); 



















































 Micromotor control 
 Arduino-0016  
 uMotor 20091015 
 ***************************************************/ 
 int LED_ON=13;       //t/|"	

}$s
13                        
 int Phase1 =3;    //+!/!t}$s
 3 
 int Phase2= 4;                  //+!"t}$s
 4 
 int Phase3 = 5;      //+!
#t}$s
 5 
 int stop=6;     //t
//#}$s
 6 




 int dl;     // '$t/v$$|
 




 void CCW_Step(void);   // ./#$s-#

 





   pinMode(LED_ON, OUTPUT);   //	
/~/} LED_ON "
'' 
   pinMode(Phase1, OUTPUT);        //	
/~/} Phase1 "
'' 
   pinMode(Phase2, OUTPUT);   //	
/~/} Phase2 "
'' 
   pinMode(Phase3, OUTPUT);   //	
/~/} Phase3 "
'' 
   pinMode(stop, OUTPUT);   //	
/~/} stop "
'' 




   // setup motor     




   digitalWrite(Phase2, LOW);     
   digitalWrite(Phase3, LOW); 
   delay(1000);     ///v$$|
 1000 $
+  






   digitalWrite(Phase2, HIGH);     
   digitalWrite(Phase3, HIGH);  
   delay(1000); 
   digitalWrite(Phase1, LOW);    //~/}/
	

    
   digitalWrite(Phase2, LOW);     
   digitalWrite(Phase3, LOW); 
 } 





 {  
   while(1)      
   { 
     digitalWrite(Phase1, LOW);      //!#'}/	

 
     digitalWrite(Phase2, LOW);     
     digitalWrite(Phase3, LOW); 
     int speed1=analogRead(ADC0);  //t|
t"|"&'"| 
       if ((speed1>=0)&(speed1<=412))   //}
x
"v~.v$ 0-412 
           {  
             dl=(speed1)*5+1;   ///v$$|
v
x dl 
             CW_Step();    //~/}/#'
#s-# 
           } 
       else if((speed1>=613)&(speed1<=1023))  //}
x
"v~.v$ 613-1024 
           { 
             dl=(1023-speed1)*5+1;  ///v$$|
v
x dl 
             CCW_Step();    //~/}/#$s-# 
           } 
        else     //}
x
"v".v$ 
        {  digitalWrite(stop, HIGH);  ////# 
        }    














      digitalWrite(stop, LOW); 
     digitalWrite(Phase3, LOW); 
     digitalWrite(Phase1, HIGH);    
     delay(dl);      
     digitalWrite(Phase1, LOW);     
     digitalWrite(Phase2, HIGH); 
     delay(dl);     
     digitalWrite(Phase2, LOW);     
     digitalWrite(Phase3, HIGH); 
     delay(dl);   
 } 









     digitalWrite(stop, LOW); 
     digitalWrite(Phase1, LOW); 
     digitalWrite(Phase3, HIGH);    
     delay(dl);      
     digitalWrite(Phase3, LOW);     
     digitalWrite(Phase2, HIGH); 
     delay(dl);     
     digitalWrite(Phase2, LOW);     
     digitalWrite(Phase1, HIGH); 
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(2009). Fabrication of High-Aspect-Ratio Complementary Micro Parts Based on 
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